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The level structure of 26Mg near the neutron-separation energy, which is of interest for s-process
nucleosynthesis, was studied at the High Intensity Gamma-Ray Source of the Triangle Universities Nuclear
Laboratory using the method of nuclear resonance fluorescence. A nearly monoenergetic and linearly polarized
γ -ray beam was used to scan the excitation energy range from 10.5 to 11.7 MeV. For the five states observed,
the total widths and partial widths are determined. Precise measurement of these widths is necessary for the
prediction of neutron production for the s-process.
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I. INTRODUCTION
The s-process is the mechanism for the formation of
about half of the heavy nuclides up to lead [1]. We can
observe these elements in their natural abundances in stellar
spectra or in meteorite fragments. The s-process proceeds by
neutron capture onto stable light elements which subsequently
β-decay back toward stability. It was proposed [2] that the
22Ne(α,n)25Mg reaction could be a suitable mechanism for
neutron production. In stellar environments, 22Ne can be pro-
duced by the reaction chain 14N(α,γ )18F(β+)18O(α,γ )22Ne
where 14N is one of the main products of the CNO cycle.
Using the temperature and density requirements necessary
for α capture onto 22Ne, two astrophysical sites have
been proposed for the s-process. Light s-process elements
(∼50 > A > ∼100) are thought to be created in massive stars
(M > ∼10 M) during their core helium burning phase [3].
This has been called the “weak component”. The other
likely site is the thermally pulsing stage of asymptotic giant
branch stars [4]. This “main component” produces the heavier
s-process isotopes (∼100 > A > ∼200). While 13C(α,n)16O
is considered to be the chief source of neutrons in the main
s-process, 22Ne(α,n)25Mg may also have a dominant role.
As a main source of neutrons for the s-process the
uncertainty in the 22Ne(α,n)25Mg reaction rate as well as the
competing reaction 22Ne(α,γ )26Mg have a significant effect
on heavy-element production [5–7]. The critical-temperature
region of this reaction in the s-process sites described above
is approximately 0.3 GK. This corresponds to a Gamow peak
range of 300 keV < Ec.m. < 900 keV or a 26Mg excitation
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energy of 10.9 MeV < Ex < 11.5 MeV. Above the neutron-
separation energy (Sn = 11093.07(3) keV [8]) both the (α,n)
and (α,γ ) reaction channels compete for the dominant exit
channel. The level density at these excitation energies is high
with a mean level spacing of ∼9 keV. The number of levels
available for the 22Ne + α reactions is somewhat reduced
because only states with natural parity can contribute. The
partial widths are of critical importance since they determine
which of the two competing reactions will dominate at a given
temperature. Therefore, a detailed knowledge of the level
parameters in the Gamow peak region is necessary for an
accurate estimation of the rates.
Several experiments have been performed making di-
rect measurements of the 22Ne(α,n)25Mg [9–14] and
22Ne(α,γ )26Mg [13,15] reactions. These measurements have
been unable to access the astrophysical energy region because
of the relatively high α penetrability through the Coulomb
barrier as well as unwanted background from cosmic rays
and beam induced reactions. Therefore several indirect exper-
iments have been conducted to study the compound nucleus
of interest 26Mg [16–25]. Most of these experiments have only
yielded energy information for states, leaving partial decay
widths and spin-parities largely unknown. Discrepancies exist
between the deduced energies of the observed levels. Of par-
ticular importance as a source of level parameter information
were the 25Mg(n, γ )26Mg experiments by Refs. [24,25] which
were later reanalyzed using R-matrix theory by Ref. [26]
yielding energies, n, and γ parameters for several states
over an energy range from the neutron-separation energy up
into the energy range accessible by the direct experiments
(Ex > 11.3 MeV). Also α-transfer reactions, such as those of
Refs. [16,17], provide information on α-partial widths.
A recent Nuclear Resonance Fluorescence (NRF) ex-
periment described in Ref. [27], was performed at the
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High Intensity Gamma-Ray Source (HIγ S) at the Triangle
Universities Nuclear Laboratory (TUNL). Five states in 26Mg
were observed and precise level energy, Jπ assignments and
γ -branching ratios were reported. In this paper we extend
the analysis of Ref. [27] in order to extract the absolute
ground-state-transition partial widths for each state.
A brief summary of the relevant NRF technique is presented
in Sec. II. Section III describes the analysis. Discussion of the
implications of the analysis are covered in Sec. IV. Lastly,
Sec. V presents our conclusions.
II. NUCLEAR RESONANCE FLUORESCENCE
Nuclear resonance fluorescence (NRF) represents the pho-
toexcitation of a nucleus with spin J to an excited state with
spin Je followed by its de-excitation to a state i with spin
Ji . The theory of NRF has been described in detail (see, e.g.,
Refs. [28,29]). The analysis applied in the current work follows
closely the one presented in Ref. [30] for the case of photon
scattering from a thick target.
The number of counts Ndet in the full-energy peak of the
ground-state-transition is given by
Ndet = (ER)tiε(ER)W (θ )A(,γ0/), (1)
where (ER) is the photon flux, which is assumed to be
constant over the Doppler broadened resonance at the energy
ER , ti is the measuring time corrected for the dead time of
the data acquisition, ε is the detection efficiency, W (θ ) is the
angular distribution of the scattered γ rays relative to
the incident beam corrected for the extended detector and
target dimensions. The yield A(,γ0/) integrated over the




σsc,D(E)ξ (E) dE, (2)
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Here nt is the number of resonance scatters per unit area
in the target, ηj are the number of each different kind of
atom per unit area in the target (including the resonance
scatters), σe,j are their respective attenuation cross sections
which are assumed to be constant over the resonance region,
C is a constant that depends only on the geometry of the
target and detectors, and σsc,D(E) is the Doppler broadened
scattering cross section which depends on the total width of the
state  and the ground-state-transition branching ratio γ0/.
Note that σsc,D(E) also depends on the Doppler width of the
resonance  = (E/c)(2kTeff/M)1/2 where k is Boltzmann’s
constant, M is the mass of 26Mg, and c is the speed of light. The
effective temperature, Teff , depends on the crystalline structure
of the solid and the Debye temperature [28].
Equtaion (3) corrects for nuclear self-absorption and atten-
uation for a thick target. As the beam passes through the thick
target it looses intensity over all energies because of interac-
tions with electrons in the target atoms. The beam also looses
additional intensity at the energy of the resonance because of
the nuclear interactions of interest. For a thin target, where







where g = (2Je + 1)/(2J + 1), λ- = h̄c/ER and h̄ is Planck’s
constant divided by 2π .
The next section describes the analysis techniques neces-
sary to extract the total width  from Eq. (1) using the spins
and branching ratios (γ0/) for the five resonances reported
in Ref. [27].
III. ANALYSIS
The analysis of Ref. [27] obtained precise level energy,
Jπ assignments, and γ -branching ratios for the five states
observed by NRF at the HIγ S facility [31]. Here the same data
are further analyzed to extract the absolute resonance widths.
Linearly polarized and nearly monoenergetic γ rays were
made incident on a thick (16.4185 g) isotopically enriched
[99.41(6)%] 26MgO sample. The beam had a full width at
half maximum of approximately 300 keV requiring four
experimental runs at beam energies of 10.8, 11.0, 11.2, and
11.4 MeV in order to cover the energy region of interest.
Scattered γ rays were detected using four 60% high purity
germanium detectors (HPGe). A detailed description of the
experimental setup is given in Ref. [27].
As described in Ref. [27], a GEANT4 Monte Carlo simulation
was used to simulate the high purity germanium detectors
in order to correct the efficiency and angular distributions
for detector and target geometry. Further corrections to the
observed full-energy peak intensities from attenuation were
performed with the same simulation. As noted in Sec. II
the Doppler broadened cross section depends on the Doppler
width. For this analysis a room temperature of 293 K and a
Deybe temperature for MgO powder of 743(8) K [32] was
used to determine Teff in the Doppler width formula.
A. Gamma beam flux
The energy distribution of the nearly monoenergetic beam
at HIγ S was measured by placing a HPGe detector in the
beam prior to each of the four production runs. Several copper
blocks were placed in the beam to reduce its intensity. The
spectrum was corrected for detector response and the relative
full-energy peak efficiency as described in Ref. [33] but lacks
an absolute normalization.
The integral of the beam-energy distribution was normal-
ized by activating 197Au foils placed in the beam line for the
duration of each experimental run utilizing the well known
reaction: 197Au(γ ,n)196Au(EC)196Pt. Here t1/2(196Au) =
6.1669(6) d and the electron capture branching ratio is
93.0(3)% [34]. The intensity of γ -ray transitions from the
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355 keV excited state in 196Pt to the ground state was then
measured off line in a low-background counting facility.
The observed number of counts in the 196Pt 355 keV
photopeak can be found by a slightly modified Eq. (1) from
Ref. [35]:
N = ntεγ f (t)
∫ Emax
Eth
γ (E)σ (E)dE, (6)
where
f (t) = 1
λ
(1 − e−λtt )e−λtd (1 − e−λtm ). (7)
Here nt is the areal density of 197Au which was approximately
7×1020 cm−2 for each of the four gold foils, εγ is the
efficiency of the detector for a 355 keV γ ray, λ is the decay
constant for 196Au, and ti(<0.1%), td (2%), and tm(<0.1%) are
the irradiation, decay, and measurement times, respectively.
σ (E) is the 197Au(γ ,n)196Au cross section which is well
known (4%) in the energy region [36]. The product of the
197Au(γ ,n) cross section and the γ -beam intensity distribution
was numerically integrated from the neutron-separation energy
Eth (8.072 MeV) of 197Au up to the maximum beam energy.
Since all other quantities were known experimentally a
normalization factor for the absolute flux could be obtained.
Values for (ER) at the maximum of the beam distribution
were between 2×104 and 2×103 (keV s)−1.
IV. DISCUSSION
In the following, previously reported information on the
observed states is compared to the measurements here. We
discuss briefly the limitations of NRF which effected this
study. The impact of the data on astrophysically relevant rate
calculations is then addressed.
Because of the low background, several branchings other
than the ground-state-transition were observed for each state.
With the total widths determined from the analysis above,
this allowed for a more confident conversion of the branching
ratios from Ref. [27] to the absolute γ widths given it Table I.
A summary of the relevant widths measured in previous
investigations is given in Table II. Ground-state-transition
widths are also given in Weisskopf units and are found to
be below the recommended upper limits for γ -ray transition
strengths given in Ref. [38].
The state at Ex = 106 47 keV has been seen in two
bremsstrahlung experiments [18,19]. Because of the amount of
background in these experiments only the strong ground-state-
transition was observed. The ground-state-transition width is
lower than that reported by Ref. [19] but agrees well with the
more recent value of Ref. [18]. The total width is in agreement
with the life time given by Ref. [37]. Five additional branchings
were also observed.
The other previously observed state at 111 54 keV
which is also the only observed level in photon scattering
above the neutron-separation energy. This has been seen
in the bremsstrahlung experiment of Ref. [18] and the
25Mg(n, γ )26Mg experiment of Ref. [25]. The later R-matrix
analysis of these data by Ref. [26] extracted both the neutron
and γ partial widths for this state [En = 62.738(23) keV].
In order to properly determine its full width the branching
ratio of Ref. [26] was adopted [γ / = 4.79(29)/19.2(42) =
0.249(57)]. The uncertainty in this branching ratio is the most
significant uncertainty in the widths since the total width
calculation is approximately proportional to its square [see
Eq. (5) and Fig. 1]. For convenience of future calculation,
TABLE I. Summary of width calculations for observed 26Mg excited states using the branching ratios of Ref. [27]. Intermediate de-excitation
level energies taken from Ref. [37]. γ -partial widths are denoted by their final state energy in keV. Ground-state-transition widths are also given
in Weisskopf units (W.u.). Uncertainty for the total width of the 111 54 keV state are given by the uncertainties from this work in parentheses
followed by the asymmetric uncertainty from the adopted branching ratio of Ref. [26].
Width (eV) Jπf Initial excite state, Exi (keV), J
π
i
105 773 106 47 108 06 109 49 111 54a
1− 1+ 1− 1− 1+
γ0 0
+ 0.094(26) 4.12(20) 0.16(4) 0.26(4) 1.91(10)b
1809
c 2+ 0.07(1) 0.56(5) 1.07(5) 0.08(4)b
2938
c 2+ 0.30(2) 0.25(2)
3589 0+ 0.09(1) 0.31(3)b
4333
c 2+ 0.20(2) 0.21(2)b





γ0 (W.u.) 1.3(4) × 10−4 0.163(82) 2.1(5) × 10−4 3.3(5) × 10−4 0.0656(3)
γ 0.20(5) 4.70(25) 0.72(18) 1.87(30) 2.78(28)b
 0.20(5) 4.70(25) 0.72(18) 1.87(30) 11.2(7)b
aγ / = 0.249 adopted for this state [26].
bUncertainties are only those of the present experiment. Full uncertainties that include the branching ratio uncertainty of Ref. [26] are given in
Table III.
cMultipolarity mixing not determined.
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TABLE II. Previously measured partial widths (eV) of relevant states in 26Mg.
Ex (keV) [19] [37] [26] [18]
106 47 γ0 = 6.3(7)  = 6.0(16)a γ0 = 4.65(45)
111 54  = 19.2(42), γ = 4.79(29), γ0 = 0.252(51)b
n = 14.4(42)
a [37] reports τm = 110(30) as. Converted to width using  = h̄/τm.
bAssuming γ0/ = 1.
Eq. (2) was numerically integrated for several possible values
of the branching ratio and the distribution was fit to a power law
curve. The distribution shown in Fig. 1 can be used to correct
the widths in Table I when a more precise measurement of the
branching ratio is obtained. Uncertainties for the partial widths
of the 111 54 keV state, including the adopted branching ratio
uncertainty from Ref. [26], are given in Table III.
Reference [18] reports a value of γ0 = 0.252(51) eV for
the 111 54 keV state but with the assumption that γ0/ = 1.
For comparison this value should be corrected by the ground-
state-transition γ -branching ratio (γ0/γ ) of 0.688(81) and
the total γ -branching ratio (γ /) of 0.249(57). This gives
a value of γ0 = 1.46(48) eV in agreement with the width
measured here.
The secondary de-excitation at Eγ = 9136 keV was also
of interest. This γ -ray peak was found to be the transition
to the first excited state (109 49 keV → 1809 keV) of the
109 49 keV state. The recent bremsstrahlung experiment by
Ref. [18] reported a primary transition at 9137.8 keV. It may
be possible that Ref. [18] has identified this secondary tran-
sition as a primary transition since the ground-state-transition
branching ratio of the 109 49 keV state observed here is weak
[γ0/ = 0.138(19)] and the first excited state branching ratio
is dominant [1809/ = 0.572(29)]. If there were two different
γ -ray peaks, they would only be separated by 2 keV making
them unresolvable by Ref. [18]. The measurement from
Ref. [18] reports the 9137.8 keV state as (0 → 1 → 0)
transition while the observed secondary transition of this
experiment at 9136 keV was (0 → 1 → 2). In Ref. [18]
intensities were measured at 90◦ and 127◦ where the relative
intensities of the angular distribution should be 0.73 and 1
for (0 → 1 → 0) and (0 → 1 → 2) transitions respectively
making differences in intensity difficult to distinguish. The
width observed here [1.07(5) eV] is substantially different
TABLE III. The uncertainty from the present experiment
is combined with the uncertainty from the neutron branching
ratio of Ref. [26] to give the total uncertainty on the widths
of the 111 54 keV state.








from that given in Ref. [18] [ = 0.131(32) eV]. This should
be corrected by the branching ratio observed here [1808/ =
0.572(29)], which would give value of  = 0.229(57) eV, but
a significant difference is still present.
Several states are known to exist in the excitation energy
region (see Sec. I) that were not observed. Part of the reason
for this is the limitations inherent to NRF. The first limitation
is that the J = 1 spin of the photon makes it difficult to excite
excitation levels of J > 1 in spin J = 0 nuclei. The second
limitation is that the excited state must be populated through
the ground state γ transition. If the state has a small ground
state γ -branching ratio it may not be observed. This limitation
becomes even more pronounced once the neutron channel
opens. Special effort was made to excite the lowest energy
state at Ex ≈ 11.319 keV (Eα ≈ 830 keV), observed in past
22Ne(α,n)25Mg and 22Ne(α,γ )26Mg reaction experiments, in
order to investigate the possibility of a doublet in this region
[26], but no state was observed. This is most likely explained
by the branching ratios reported for this state by Ref. [13].
The 22Ne + α reactions are limited to states of natural
parity by angular momentum selection rules. Three of the
observed states are J = 1− with two above the α-separation
energy. As pointed out in Ref. [27] the one state observed
above the neutron-separation energy at 111 54 keV is J = 1+.
This state has long been suspected of being natural parity [20]
and several experiments have attempted to observe this
state by 22Ne(α,n)25Mg [11,12,14,16] with only upper
limits reported. The two states at Ex = 10805.7(7) and













] Γ = 0.67(Γγ / Γ)
−2.03
FIG. 1. The total width in eV as a function of the γ -branching
ratio. A power law [ = A(γ /)−B ] fit was found to reproduce the
distribution well over the entire branching ratio parameter space. A
χ 2 fit, using only the uncertainties associated with this experiment,
was done to determine the uncertainty in the fit parameters. For two
fit parameters χ 2 = χ 2min + 2.41 for a 70% confidence level [39].
The fit parameter values were A = 0.67(12) and B = 2.03(27).
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109 49.1(8) keV (Ec.m. = 191 and 334 keV) will contribute to
the 22Ne(α,γ )26Mg reaction rate.
A rate calculation requires the additional knowledge of
the α-widths of these states. The energy region has been
investigated with the α-transfer reaction 22Ne(6Li, d)26Mg by
Refs. [16,17] and spectroscopic factors Sα were determined for
two resonances whose energies closely match those observed
here. Reference [16] measured the angular distribution for
a state at Ex = 10.949(25) MeV which was later resolved
into two states at Ex = 10.808(20) and 10.953(25) MeV
by Ref. [17]. A DWBA analysis was performed by both
Refs. [16,17] to determine the most likely Jπ of the states.
The assumption is that the two states observed by Ref. [17]
at 10.808(20) (Jπ = 0+ – 4+) and 10.953(25) MeV (Jπ =
5− − 7−) are those observed here at 10.8057(7) (Jπ = 1−)
and 10.9491(8) MeV (Jπ = 1−) as suggested in Ref. [27]. For
this reason a DWBA calculation was performed using the code
DWUCK4 [40] in order to recalculate the spectroscopic factors
with the new spin assignment from Ref. [27]. Potential parame-
ters were the same as those given in Ref. [16]. It was found that
the DWBA calculation for an angular distribution of Jπ = 1−
for both states does not compared well to the data of Ref. [16].
Because of the limited energy resolution of the α-transfer
experiments, the poor agreement with angular distribution
calculations, and the high level density of 26Mg in this energy
region, it is likely that one or both of the states observed in the
α-transfer experiments are not the same as those observed here.
V. SUMMARY
Five states were reported by Ref. [27] in 26Mg and precise
level energy, Jπ assignments and γ -branching ratios were
found. Due to the thick target, corrections for nuclear self
absorption were made using Eq. (1) and attenuation using
GEANT4 in order to obtain absolute ground-state-transition
partial widths. Secondary transition γ widths were calculated
using the branching ratios of Ref. [27]. The high sensitivity
to secondary de-excitation make the calculation of the total
widths quite reliable. Three states at 105 73 keV, 108 06 keV,
and 109 49 keV have partial width information presented for
the first time. For the other two states, the partial widths of the
state at Ex = 106 47 keV are in good agreement with those
of previous works. The state at Ex = 111 54 keV was found
to have partial widths about half as strong as those given in
Refs. [25,26] but was found to agree within the uncertainty
of the neutron branching ratio. The two natural parity states
identified at 108 06 and 109 49 keV can contribute to the
22Ne(α,γ )26Mg reaction rate.
Without measured spectroscopic factors a more accurate
calculation of the contribution to the (α,γ ) rate by the two
states is not achievable at this time. As a main source of
neutrons for the s-process, the uncertainty in the partial widths
of 26Mg natural parity states has a significant effect on sim-
ulations of heavy element production. The critical excitation
energy range in the compound nucleus 26Mg is 10.9 MeV <
Ex < 11.5 MeV overlapping the neutron-separation energy
at 11.1 MeV. With the high level density many states could
contribute significantly to the rate. A detailed knowledge of
the states in this energy region is still incomplete prompting
further studies.
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Phys. A 758, 541 (2005).
[6] L.-S. The, M. F. E. Eid, and B. S. Meyer, Astrophys. J. 655,
1058 (2007).
[7] A. I. Karakas, M. A. Lugaro, M. Wiescher, J. Görres, and
C. Ugalde, Astrophys. J. 643, 471 (2006).
[8] A. H. Wapstra, G. Audi, and C. Thibault, Nucl. Phys. A
729, 129 (2003); the 2003 NUBASE and Atomic Mass Eval-
uations [http://www.sciencedirect.com/science/article/B6TVB-
4B4VNB4-3/2/cce5348f4cd31847bbbde9b5b16cddc8].
[9] D. Ashery, Nucl. Phys. A 136, 481 (1969).
[10] F. X. Haas and J. K. Bair, Phys. Rev. C 7, 2432 (1973).
[11] H. Drotleff, A. Denker, J. Hammer, H. Knee, S. Küchler,
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